I. INTRODUCTION
Research into drag reduction, which often leads to fuel consumption reduction, was launched by the aerospace industry over the last few years, due to worldwide environmental concerns and rising fuel costs. Drag reduction can be achieved by airfoil shape modification, with the aim of delaying the flow transition from laminar to turbulent, by moving the transition point close to the wing trailing edge. The laminar flow past an aerodynamically morphing wing can be improved so as to obtain significant drag reduction. This concept of modifying the airfoil for various flight conditions is known as a 'morphing wing'.
Various morphing wing studies have been conducted. One consists of a symmetric wing structure with two tapered graphite/epoxy composite plates and a steel body. Four pairs of SMA wires are attached to the wings' bottom surfaces in a chord-wise direction. Lift and drag forces are measured at various angles of attack. Dynamic vibration signals, measured by fiber Bragg grating (FBG) sensors at the wing root, are used to monitor aeroelastic unstable phenomena, such as flutter at various angles of attack [1] .
Another wing structure, comprised of an optimized internal layout of cables and struts, was able to morph itself. Cables were used as actuators while struts provided rigidity to the wing. In addition to achieving continuous morphing by changing cable lengths, this structure had the advantages of being lightweight and having a distributed actuation.
The Non-dominated Sorting Genetic Algorithm II (NSGA II) was used for the NASA HECS and the NextGen TSCh wing modeling [2] . Improved wing roll performance was achieved by use of articulated conformal control surfaces. The analysis results were compared to the experimental results obtained for a 16% scale model of a fighter wing equipped with embedded smart materials used to deform a control surface. The control surface design was found suitable for low-rate applications such as take-off and landing configurations [3] .
The present work refers to a morphing wing equipped with Shape Memory Alloys which modify the wing's upper surface morphing flexible skin for various test cases -and for which the transition point moves close to the wing airfoil trailing edge. This rectangular wing model incorporated two parts: -A fixed rigid part of the wing's lower surface, which sustains all of the resistance forces, and -The upper wing surface, consisting of a flexible skin which changes its shape through electrically controlled shape memory alloy actuators (see Figure 1 ). Aerodynamic changes in the boundary layer flow took place over the morphing upper wing surface -therefore the transition point position changed and moved closer to the wing airfoil's trailing edge. [4] .
A laminar airfoil was considered as a reference airfoil shape for the morphing wing studied here, since a series of optimized airfoils had already been designed and calculated by the Ecole Polytechnique team using XFoil CFD code for various airflow conditions expressed as combinations of angles of attack and Mach numbers [5] ).
Each optimized airfoil shape was characterized by its closest transition point location to the trailing edge.
In total, 35 optimized airfoils were designed for the airflow combinations of Mach numbers 0.2, 0.225, 0.25, 0.275, 0.3 and angles of attack -1, -0.5, 0, 0.5, 1, 1.5 and 2 deg.
Aeroelastic analyses were performed on the flexible skin of the morphing wing for all 35 flight cases, prior to its testing in the wind tunnel, in order to determine if the wing would be stable in terms of flutter (i.e., no flutter would occur), and so the wing would therefore not be mechanically destroyed during its testing in the wind tunnel. Finite Element methods, coupled with KE methods, were used for structural and flutter analyses with the Nastran/Patran commercial software.
The wind tunnel tests were performed at the Institute for Aerospace Research at the National Research Council Canada in the 6 ft x 9 ft Subsonic Wind Tunnel.
The purpose of these tests was to assess the performance of the wing model with a morphing skin with the goal of improving the laminar flow over the upper wing surface. The upper wing surface, made of flexible skin, was controlled and morphed by smart material actuators at two control points, such that any optimized upper airfoil shape for the 35 flow conditions could be achieved by adjusting the vertical displacements of both actuators. Different techniques of control were used in this project in order to verify and validate the open and closed loop. For the validation of the laminar flow controller, real time optimization [6], On-Off and Proportional-Integral PI ( [7] , [8] ), bi-positional and PI laws optimimum combination [9] techniques, as well as other modern techniques such as fuzzy logic [10] were used.
The flutter analysis showed that flutter occurred at a Mach number equal to 0.55, and thus, since that is higher than the upper limit wind tunnel Mach number of 0.3, the wind tunnel tests could safely take place.
II. AEROELASTIC ANALYSIS
The commercial software for finite element analysis, MSC/NASTRAN, was used to build the 3D numerical model of the flexible skin upper surface which was situated between 3% and 70% of the wing chord, as shown in Figure 2 . 
A. Finite element modeling
The structural model was defined using the GRID and CQUAD4 shell elements given by the MSC/NASTRAN commands [11] .
The structure was divided into several bands of equal widths along the span, and formed elements in the chord-wise defining the airfoil shape; the whole formed a structure of 406 plane elements as shown in Figure 3 (a) .
The internal elements were composed of four layers of composite materials. The MAT8 command defined the Young's modulus, the shear modulus, the Poisson's ratio and the density.
All of the leading edge nodes were constrained to simulate a perfect clamp. In addition, the trailing edge was also well constrained, with the exception of the translation motion in its chord-wise aspect.
To simulate the compensation spring, all the nodes along the actuators axis were constrained in translation and free in rotation, thus simulating the mechanism. Finally, all of the nodes were constrained against plane rotation, as the CQUAD4 element had no rigidity in this condition.
The ASET1 command was considered to reduce the problem size in order to restrict the number of freedom degrees for the wing normal deflection, i.e. the translation along the Z axis (the degree of freedom that allows wing bending and torsion), which is the only deflection required for aerodynamic force determination.
It is important to note that the plan or shell model is often used because it provides results as close to reality as possible without overly complicating the problem.
The material density, configured by entering the MAT8 command and the parameter COUPMASS, 1, resulted from generation of the coupled plate elements mass matrices, while the GRAV command introduced the model weight in the problem. Although the model weight in the wind tunnel was relatively low, it was not neglected, and the angles of attack remained small.
B. Aerodynamic modeling
The AERO command was used for the aerodynamic modeling, in which the basic coordinate system was used as the aerodynamic coordinate system.
Physical parameters were defined, such as the sea level density and the reference chord length equal to 334.8 mm. The commands SYMXZ = 1 for a complete wall reflection of the wind tunnel and SYMXY = 0 were defined, neglecting the floor tunnel or ceiling interference. The CAERO1 command, including a subsonic Mach number in the TRIM command, specified the use of the aerodynamic Doublet-Lattice Panel theory. A minimum of six equal strip widths along the span-wise was specified, along with a minimum of four equal strip widths along the chord-wise section.
The aerodynamic and the structural models were interconnected with a spline surface, SPLINE1. The 24 aerodynamic boxes correspond to 232 nodes listed by the SET 1 command. The 232 nodes were variously spaced along the span-wise section from one extremity to another. The PAERO1 command was required even if no interference problem occurred. The model division in aerodynamic boxes is shown in Figure 3(b) .
The MKAERO1 command provided the required data for the aerodynamic matrix interpolation into the flutter solution. For each Mach number tested, the reduced frequencies k = 0.001 to k = 0.90 were specified to determine the flutter speed.
The Lagrange method was used for the vibration analysis in the EIG|R command to obtain the ten modes that had the largest normalized assembly components. Each optimized airfoil shape was obtained by use of the XFoil CFD code. 
C. Flutter analysis method
The KE flutter analysis method was chosen for the system dynamics determination. This flutter method was chosen based on its efficiency at producing well-behaved V-g curves.
The structural damping was introduced by the parameter PARAM, KDAMP, -1 and the table TABDMP1.
Since no damping data was known, we assumed g = 0.01 at a frequency of 1000 Hz. The FLUTTER command specified the use of the KE flutter analysis method.
The FLFACT command gives information during wind tunnel tests on the density ratio, the Mach number, and the reduced frequencies set, and specifies a linear interpolation of generalized aerodynamic force coefficients.
The flutter speeds were converted from mm/s into m/s using the instruction PARAM, VREF, 1000.0.
III. RESULTS AND DISCUSSION
The mass and inertial data, the vibration frequencies and the deflection modes for the analyzed nodes (ASET1) were calculated.
The Lagrange method was used for vibration analysis, using the command EIGR to obtain ten modes which have frequencies up to 100 Hz.
A. Model's dynamic response (Modal Analysis)
In the modal analysis method, prior to the flutter analysis, two solving techniques were available to determine a response to an imposed displacement.
The first method is the large mass method, and the second is the Lagrangian multiplier method.
The Lagrangian multiplier method required less computation and was very efficient for a small number of modes (in our case, the parameter PARAM, LMODES, 10 specified that the ten first modes of vibration be included in the flutter problem formulation for a frequency spectrum covering 100 Hz); this method was widely used for its efficiency in several aeroelastic dynamic response analyses and the results are presented in Table I . 
B. Flutter analysis numerical results
The structural stiffness, mass and damping matrices for the aeroelastic flutter analysis were generated by use of MSC.Nastran by following an analysis of aeroelastic flutter. The aerodynamic operator matrix was generated from data describing the aerodynamic finite elements' geometry. The aerodynamic model choice of "grid points" was independent of the structural "grid points" positions called "nodes".
The subsonic flow theory is the Doublets-method that allows coupling of the aerodynamical elements to the structural body.
Thus, the vibration modes of the structure were used in the dynamic analysis and the following equation is used to determine the model characteristics, following the flutter analysis algorithm (SOL 145) proposed by the Nastran software.
, presented in the form of a second order differential equation describing the dynamic linear behavior of the structure which is subject to forces and moments caused by the fluid flow. Figure 5 shows a flowchart that describes the software steps for this calculation. The V-g flutter analysis method was used. In this method, the structural damping, g, of all of the vibration modes was assumed to be an unknown value.
In Figure 6 , all of the mode shapes are shown, except for modes 5, 7 and 9, which correspond to under-damped modes.
The first ten modes were analyzed and graphically presented in the forms of frequencies and damping versus speeds.
It is known that the flutter speed is the speed at which the damping is zero (see the first curve showing the damping variation with speed).
Then, the corresponding model's flutter frequencies were calculated from the second graph which shows the frequency variation with speeds.
The advantage of the numerical approach is that only aerodynamic forces need to be determined for real frequencies.
The disadvantage is that it is not possible to have a physical response overview. For a system with damping, only at the speed Following a flutter analysis, the wing or aircraft design can be modified to prevent flutter, prior to its manufacturing or wind tunnel or in-flight testing. The key design parameter is the maximum flight speed V d .
The ratio between the absorbed energy and the dissipated energy depends on the flow speed. A stable oscillation could occur when this ratio is harmonic.
The flow speed is critical when the oscillations become unstable. A model can have a variety of flutter modes.
Ideally, the lowest critical speed exceeds the highest possible flight speed by a reasonable safety margin.
The critical flutter speeds for each configuration and their corresponding frequencies are shown in Table II .
The safety factor offered by the FAR 25 [12] standard specifies that the critical flutter speed is 1.2 times the flight design speed (V d ), which varies from 68m/s to 102 m/s depending on flight conditions. The (V P /V d -1) * 100 value gives the model's percentage margin and this value should be greater than 20%. The differences between flight configuration results are shown in Table II . The flutter phenomenon only occurred for the Mach number of 0.55. For the flight configurations studied, the flutter margin was found to be 20% above the flight speed and thus met the FAR 25 standard.
During wind tunnel tests for different configurations at the maximum Mach number of 0.3, no flutter problem occurred, thus demonstrating the efficiency of the wing aeroelastic analysis.
IV. CONCLUSION
During flight, the inertial loads (gravity, centrifugal force, gyroscopic) and the elastic loads arising from structure deformations must be considered. The mutual interactions between these loads: aerodynamic, inertial and elastic, were evaluated for aeroelastic adaptive wing studies.
Following the analysis of the flexible wing upper skin surface by use of Nastran software, it was possible to demonstrate that the flutter phenomenon did not occur for the flight conditions tested in the wind tunnel.
It was clear that the numerical predictions reflected the wind tunnel tests results, as no damage from flutter occurred during these tests. The aeroelastic studies on a morphing wing presented in this paper are original.
In the development of further work, it would be interesting to conduct a flutter analysis by dynamically changing the airfoil shape (over several iterations), since flutter is influenced so much by a model's geometry.
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In addition, a better approximation of the stiffness constants from the actuators' rows would lead to the calculation of more accurate frequencies.
Aeroservoelasticity studies could also be performed by studying the interactions between the aeroelastic model and the optimized controller using fuzzy logic algorithms. The controller algorithms have already been tested and successfully validated in a wind tunnel.
